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HIGHLIGHTS 


•  Novel  burner  can  realise  both  conventional  and  HTAC  mode  without  any  unstable. 

•  HTAC  can  be  established  with  a  combustion  air  temperature  as  low  as  185  °C. 

•  Substantial  NO*  reduction  can  be  achieved  under  HTAC  mode. 
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High  Temperature  Air  Combustion  technique  (HTAC)  is  expected  to  improve  the  combustion  efficiency 
and  NOx  emissions  of  fossil  fuels.  This  paper  presents  the  results  from  experimental  measurements  under 
steady  combustion  mode  conditions  and  during  the  change  from  conventional  air  combustion  mode  to 
HTAC  mode  of  a  newly  proposed  burner  configuration.  A  1.2  MWth  pulverised  coal  fired  furnace  has  been 
used  to  evaluate  the  characteristics  of  HTAC  and  conventional  combustion.  To  realise  both  the  HTAC  and 
the  conventional  modes,  is  one  of  the  important  HTAC  technological  tasks  for  practical  use  in  utility 
boilers.  During  the  start-up  process,  HTAC  operation  mode  cannot  be  achieved  because  the  air  for 
combustion  is  still  cold.  Therefore  burner  configurations  for  both  modes,  conventional  and  HTAC,  are 
required.  In  this  study,  a  new  burner  is  proposed  and  the  start-up  procedure  of  pulverised  coal  fired 
boilers  adopting  HTAC  is  demonstrated.  The  newly  proposed  HTAC  burner  enables  successful  operation 
mode  switching  in  both  ways  between  conventional  and  HTAC  modes. 

The  study  shows  that  HTAC  can  achieve  NOx  reduction  whilst  maintaining  sufficiently  high  combustion 
efficiency.  The  flat  and  high  in-furnace  temperature  suggests  a  possibility  of  being  able  to  use  a  smaller 
boiler  furnace. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Reduction  of  environmental  impact  and  improvement  of  plant 
efficiency  are  essential  in  coal  fired  power  stations.  Air  staging  is  a 
well-known  technique  for  NOx  reduction  and  has  been  studied  by 
various  researchers  1-3].  It  was  concluded  that  residence  time  and 
stoichiometric  ratio  in  the  primary  combustion  zone  have  a  strong 
effect  on  NOx  emissions.  Over  the  past  two  decades,  the  technology 
of  high  temperature  air  combustion  (HTAC)  has  been  developed 
and  researched  as  a  clean  and  highly  efficient  process  for  pulverised 
coal  combustion.  HTAC  technology  is  also  referred  to  as  Excess 
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Enthalpy  Combustion,  Flameless  Oxidation  or  Mild  combustion 
[4-8  ;  it  has  already  been  applied  to  industrial  furnaces  and 
heating  furnaces  [9,10  .  A  typical  way  of  high  temperature  air 
generation  is  to  use  a  regenerative  heat  exchanger  [11  .  This  is 
where  flue  gas  and  air  supply  directions  are  frequently  changed  for 
heat  storage  and  release;  fuel  supply  also  has  to  be  switched  at  the 
same  timing.  This  fuel  switching  is  the  most  difficult  problem  in  the 
application  of  HTAC  in  pulverised  coal  firing.  There  is  a  grinding 
process  for  producing  pulverised  coal,  causing  time  lags  in  the  or¬ 
der  of  several  minutes.  The  indirect  firing  system  (bin  storage 
system)  can  be  applied  for  avoiding  the  lag  due  to  grinding,  but 
even  in  this  case  a  time  lag  remains  due  to  the  distance  between 
coal  feeder  and  burner.  The  measure  proposed  here  is  to  generate 
high  temperature  air  continuously  and  thereby  realise  HTAC  of 
pulverised  coal  without  the  need  of  fuel  switching.  It  is  suggested  to 
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mix  high  temperature  flue  gas  with  secondary  combustion  air  to 
produce  a  hot  combustible  mixture  of  low  oxygen  content.  The 
concept  of  this  process  is  shown  in  the  paper  by  Wiinning  et  al.  5]. 

There  is  a  large  amount  of  research  on  pulverised  coal  [12-19  ; 
however,  they  are  focused  on  combustion  characteristics  such  as 
NOx  emissions  and  burnout.  To  the  authors'  knowledge  there  is  no 
study  which  is  attributed  to  the  burner  start-up  process. 

Suda  et  al.  [12]  evaluated  the  combustion  characteristics  of 
pulverised  coal  in  HTAC  and  obtained  significant  ignition 
improvement  and  decrease  of  NOx  emissions.  Kiga  et  al.  [13  also 
confirmed  that  combustion  with  high  temperature  air  can  reduce 
NOx  emission  and  improve  burnout  efficiency.  Weber  et  al.  [14] 
examined  the  MILD  combustion  of  natural  gas,  heavy  and  light 
oils,  and  pulverised  coal  in  highly  preheated  air  using  a  0.58  MWth 
furnace.  They  found  that  the  temperature  and  concentration  fields 
were  uniform,  and  claimed  a  high  NOx  reduction  potential.  Li  et  al. 
[15]  investigated  the  characteristics  of  MILD  oxy-combustion  and 
air  combustion  of  light  oil  and  pulverised  coal  in  0.3  MWth  pilot- 
scale  furnace.  In  their  experiments,  the  burnout  had  generally 
been  poorer  for  the  MILD  combustion  than  the  conventional 
combustion.  Stadler  et  al.  16]  investigated  the  MILD  combustion  of 
pulverised  coal  in  various  oxidising  atmospheres  such  as  air,  Ar/02 
and  CO2/O2.  They  showed  that  there  is  a  potential  for  reduction  of 
O2  concentration  with  MILD  oxy-combustion.  Mancini  et  al.  [17] 
performed  CFD  for  evaluation  of  HTAC  technology  implementa¬ 
tion  to  pulverised  coal  boilers.  As  reviewed  above,  many 


researchers  have  investigated  HTAC  of  pulverised  coal,  but  little 
research  considers  an  actual  boiler  operation.  Early  establishment 
of  HTAC  mode  in  the  start-up  process  yields  NOx  reduction  for  a 
longer  period  of  operation. 

In  this  research,  a  new  burner  is  proposed  to  apply  HTAC  tech¬ 
nology  to  the  pulverised  coal  fired  boiler.  In  the  present  experi¬ 
mental  work,  the  performance  of  a  HTAC  burner  is  tested  which 
allows  both  conventional  and  HTAC  modes.  To  confirm  the  appli¬ 
cability  of  HTAC  technology,  temperature  and  oxygen  concentration 
are  set  lower  than  in  previous  studies.  The  mode  switching  from 
conventional  to  HTAC  mode  will  be  demonstrated  in  Section  3.1. 
NOx  and  burnout  are  measured  to  investigate  the  influence  of 
staged  air  supply  on  performance  in  HTAC  mode  (Section  3.2). 
Finally,  the  temperature  distribution  within  the  furnace  is  exam¬ 
ined  in  Section  3.3. 

2.  Experimental 

2.2.  Experimental  setup 

The  combustion  experiments  are  carried  out  in  a  bench-scale 
furnace  whose  maximum  firing  rate  of  pulverised  coal  is  150  kg/h. 
The  schematic  flow  diagram  is  shown  in  Fig.  1.  The  furnace  has  an 
inner  diameter  of  1.3  m  and  is  7.5  m  long.  It  is  equipped  with 
refractory-lined  fire  bricks  and  a  water-cooled  jacket  with  observa¬ 
tion  ports  along  the  furnace  axis.  Secondary  air  can  be  supplied 


Propane 


(a)Schematic  diagram 


Observation  windows 


(b)Furnace  details 


Fig.  1.  Experimental  facility  (1.2  MWth). 
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Table  1 

Tested  coal  properties. 


Items 

Unit 

Bituminous 

coal 

Hunter 

valley-A 

Bituminous 

coal 

Hunter 

valley-B 

Bituminous 

coal 

Mount  Owen 

Calorific  value  (HHV)  MJ/kg-dry 

29.6 

28.5 

29.2 

Total  moisture 

wt%-as 

received 

6.1 

6.7 

8.6 

Proximate  analysis 

Moisture 

wt%-air  dry 

1.8 

2.3 

2.4 

Ash 

wt%-dry 

12.9 

8.8 

14.4 

Volatile  matter 

wt%-dry 

31.0 

34.4 

32.4 

Fixed  carbon 

wt%-dry 

56.1 

56.8 

53.2 

Elemental  analysis 

C 

wt%-dry 

71.6 

70.0 

70.6 

H 

wt%-dry 

5.00 

4.6 

4.74 

N 

wt%-dry 

1.82 

1.2 

1.36 

O 

wt%-dry 

8.13 

14.9 

8.35 

S 

wt%-dry 

0.55 

0.47 

0.55 

through  over-fire  air  ports  (OAP)  at  four  stations  located  1.5,  2.0,  2.5 
and  3.0  m  away  from  the  burner  exit;  at  each  of  these  stations  three 
ports  are  arranged  circumferentially.  Residence  time  in  the  primary 
combustion  zone  can  be  changed  by  the  selection  of  OAP  stage.  The 


installed  vertical  roller  mill  grinds  coal  into  a  pulverised  coal  with 
80%  being  able  to  pass  through  a  75  pm  sieve  size.  Pulverised  coal  is 
fed  through  a  gravimetric  table  feeder  to  an  indirect  firing  system.  In 
the  actual  boiler,  hot  flue  gas  will  be  extracted  from  the  heat  recovery 
area  and  mixed  with  the  combustion  air.  To  resemble  the  actual  sit¬ 
uation,  a  combustible  mixture  of  low  oxygen  concentration  is  pro¬ 
duced  by  using  a  duct  burner  with  propane  gas  firing.  The  duct  burner 
produces  NOx,  which  generally  influences  the  flue  gas  NO*  emissions. 
Previously  Kimura  et  al.  18]  evaluated  the  NO*  decomposition 
characteristics  in  the  firing  of  oil,  gas  and  pulverised  coal  with  low 
oxygen  combustible  mixture.  The  firing  process  was  assumed  to  be 
the  re-powering  a  boiler  with  a  gas  turbine.  The  results  showed  that 
the  NOx  decomposition  in  coal-fired  staged  combustion  reached  90%. 
In  this  research  the  NOx  produced  from  the  duct  burner  firing  is  less 
than  20  ppm  and,  thus,  its  influence  can  be  neglected. 

NOx,  SO2,  O2,  CO  in  flue  gas  and  wind  box  O2  and  NOx  are 
continuously  analysed.  Combustion  residue  is  sampled  and  its  ash 
content  analysed  based  on  JIS  (Japanese  Industrial  Standards) 
M88 12-2004.  The  sample  is  burnt  in  an  electrically  heated  furnace 
at  815  ±  10  °C  for  more  than  1  h.  The  weight  loss  through  this 
procedure  is  assumed  to  be  attributed  to  the  combustion  of  un¬ 
burnt  carbon.  Australian  bituminous  coals  are  used  with  properties 
as  shown  in  Table  1. 


Combustion  air 

(Low  oxygen  combustible  mixture) 


Fig.  2.  Proposed  HTAC  burner  which  can  achieve  conventional  firing  as  well  as  HTAC. 
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2.2.  Burner  for  conventional  and  HTAC  modes 

The  pulverised  coal  burner  is  designed  for  achieving  both, 
conventional  and  HTAC  modes.  There  does  exist  a  number  of 
studies  regarding  HTAC  at  air  temperature  exceeding  800  °C  4 — 17]. 
Various  types  of  regenerators  are  used  with  switching  times  in  the 
order  of  tens  of  seconds.  As  mentioned  in  the  introduction,  this 
switching  is  difficult  to  apply  to  pulverised  coal  firing,  because  the 
suspension  of  the  coal  supply,  the  valve  switching  and  restart  of 
coal  supply  take  time  and  cause  a  repeated  lack  of  coal  supply. 
However,  continuous  firing  is  required  for  pulverised  coal  in  HTAC. 
The  wall  of  the  firing  burner,  proposed  here,  has  vanes  for  gener¬ 
ating  swirl  flow  air  for  combustion.  When  the  vanes  close 
completely,  the  air  flow  can  be  cut  off.  Fig.  2  shows  the  proposed 
configuration  of  HTAC  burner.  A  combustible  mixture  can  be  sup¬ 
plied  from  the  other  hole(s)  separated  from  the  coal  jet  when  the 
swirl  vanes  are  fully  closed.  Orsino  et  al.  19]  carried  out  HTAC 
experiments  with  pulverised  coal.  In  these  experiments  an  air 
channel  was  located  at  the  centre  and  the  combustible  flue  gas 
mixture  was  injected  with  a  velocity  of  ~65  m/s.  Two  coal  nozzles 
were  located  at  three  different  distances  from  the  centre  air,  175, 
280  and  385  mm.  The  farthest  nozzle  position  of  385  mm  showed 
lowest  NOx  emissions  and  higher  burnout  at  the  same  time.  The 
HTAC  burner  used  in  this  study  was  designed  with  reference  to 
these  configurations. 

2.3.  Experimental  conditions 

The  firing  experiments  are  performed  for  conventional  and 
HTAC  conditions.  The  relatively  low  temperature  of  air  (185  °C)  is 
supplied  to  the  conventional  configuration  and  those  results  are 
compared  with  the  HTAC  results.  From  the  experiences  with  con¬ 
ventional  firing  of  pulverised  coal,  it  was  observed  that  the  coal 
flame  became  unstable  with  a  combustion  air  temperature  lower 
than  180  °C;  thus,  the  combustion  air  temperature  is  set  to  185  °C. 
The  main  experimental  parameters  are  the  wind  box  oxygen  con¬ 
centration,  temperature  and  OAP  location.  The  target  experimental 
conditions  are  shown  in  Table  2.  Characteristics  such  as  flue  gas 
oxygen  and  NOx  are  also  examined  when  changing  the  firing  mode. 
After  establishment  of  the  conventional  firing  and  warming  up  of 
the  furnace,  the  firing  mode  is  changed  from  conventional  to  HTAC 
by  gradually  opening  the  HTAC  ports.  After  the  flame  stability  is 
confirmed,  the  swirl  vanes  are  closed  completely. 

3.  Results  and  discussion 

3.1.  Flame  stability  in  HTAC  mode  and  during  mode  switching 

Many  researchers  have  carried  out  and  evaluated  experiments 
related  to  HTAC;  however,  there  are  no  studies  where  burner 
operation  in  actual  boilers  is  considered.  In  this  study,  the  possi¬ 
bility  of  using  HTAC  mode  with  a  relatively  low  temperature  of 
185  °C  was  observed.  Fig.  3  shows  the  visual  flames  of  conventional 
and  HTAC  modes.  It  was  observed  that  both  modes  show  stable 


(a)Burner  configuration  (view  from  the  furnace  inside) 


(b)  Flame  of  conventional  pulverised  coal  firing 


(c)  Flame  of  HTAC  mode 

Fig.  3.  Visual  flame  viewing  from  the  observation  port  of  furnace. 


ignition  and  firing  for  Hunter  valley  as  well  as  Mount  Owen  coals.  In 
the  conventional  mode,  the  bright  orange  flame  was  situated  at  the 
burner  throat  and  a  very  short  coal  jet  was  observed.  In  HTAC  mode, 
there  was  a  black  coal  jet  without  any  visible  flame  close  to  the 
throat.  The  coal  jet  length  was  -500  mm  long;  an  orange  bright 
flame  started  from  downstream  of  the  black  coal  jet.  The  time 
histories  of  flue  gas  O2  and  NOx  for  both  types  of  coal  are  shown  in 
Fig.  4.  Since  the  O2  concentration  is  stable,  it  can  be  concluded  that 
the  combustion  maintains  stable  condition  during  and  after 
changing  the  firing  mode.  This  result  suggests  that  the  HTAC 
application  has  a  high  reliability  when  used  in  pulverised  coal  fired 
boilers. 


Table  2 

Operational  conditions  of  conventional  and  HTAC. 


Operation  parameters 

Unit 

Conventional 

HTAC 

Firing  rate 

kg/h 

100 

100 

Flue  gas  O2 

vol.%-dry 

3.5 

3.5 

Air  staging 

0/ 

Zo 

20 

20 

Primary  air  flow 

kg/h 

180 

180 

Combustion  air  temperature 

deg-C 

185 

185,  480 

Wind  box  02 

%-dry 

21 

17.5 

3.2.  NOx  and  unburnt  carbon  in  HTAC  mode 

Comparing  the  results  with  that  of  conventional  firing,  NOx 
emissions  are  reduced  in  HTAC  under  all  conditions  as  shown  in 
Figs.  4  and  5(a).  Variation  of  NOx  emission  when  changing  the 
distance  between  burner  exit  and  OAP  was  the  same  for  both 
conventional  and  HTAC  modes.  A  longer  distance  leads  to  longer 
residence  time  in  the  sub-stoichiometric  zone,  which  results  in 
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(b)  Mode  change  with  Mount  Owen  coal 

Fig.  4.  Gas  concentrations  in  flue  gas  during  change  from  conventional  firing  to  HTAC 
mode. 


Distance  from  burner  to  OAP,  [mm] 

(a)  Furnace  exit  NOx  emission  vs.  OAP  (Over-fire  Air  Port)  location 


Distance  from  burner  to  OAP,  [mm] 


lower  NOx  emission.  Unburnt  carbon  levels  of  conventional  and 
HTAC  modes  maintain  the  same  level  of -10%  (Fig.  5(b)).  It  was  also 
observed  that  the  variation  of  combustible  mixture  temperature 
had  almost  no  effect  on  burnout. 

Fig.  6  shows  the  effect  of  flue  gas  O2  concentration  on  unburnt 
carbon  content  and  NO*  emission  with  an  air  staging  ratio  of  20% 
and  OAP  at  2500  mm.  These  trends  were  found  to  be  the  same  for 
both  modes.  With  increasing  flue  gas  O2,  NOx  is  increased  and 
unburnt  carbon  is  reduced.  This  shows  that  HTAC  mode  has  a  better 
performance  compared  to  conventional  firing,  i.e.  lower  NOx  and 
lower  unburnt  carbon. 


3.3.  Temperature  profile 

It  was  expected  that  HTAC  would  produce  a  flat  temperature 
profile  due  to  slow  combustion,  which  results  in  a  uniform  metal 
temperature,  avoiding  hot  spots  on  the  furnace  wall.  The  combus¬ 
tion  air  supplied  from  the  HTAC  ports  at  a  speed  of  65  m/s,  expands 
and  builds  large  recirculation  areas.  The  coal  jet  then  enters  into 
this  recirculation  zone.  The  characteristics  of  HTAC  are  that  the 
oxidation  reaction  is  slow  and  stable,  and  the  environmental  is  at 
elevated  temperatures  with  a  low  concentration  of  oxygen.  Flame 
temperature  along  the  furnace  axis  is  measured  by  an  infrared  ra¬ 
diation  thermometer  through  the  observation  ports  (Fig.  7).  The 
temperature  profiles  of  HTAC  mode  became  flat  and  uniform  in 
comparison  with  that  of  conventional  firing.  In  the  case  of  HTAC, 
the  mixing  of  fuel  and  combustible  mixture  is  slow,  which  causes 
the  combustion  to  take  place  in  the  whole  furnace.  Thus,  the  flat 
and  uniform  temperature  profile  can  be  realised.  When  increasing 


(a)Furnace  exit  NOx  emission  vs.  flue  gas  02  level 


Flue  gas  02,  [vol.%-dry] 


(b)  Furnace  exit  unburnt  carbon  vs.  OAP  (Over-fire  Air  Port)  location 


(b)  Furnace  exit  unburnt  carbon  vs.  flue  gas  02  level 


Fig.  5.  Emission  performance  with  conventional  firing  and  HTAC  mode  for  Hunter 
valley  coal-A. 


Fig.  6.  Emission  performance  with  conventional  firing  and  HTAC  mode  for  Hunter 
valley  coal-B. 
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Fig.  7.  Flame  temperature  profile  for  different  firing  modes  for  Hunter  valley  coal-A. 


the  velocity  of  combustible  mixture,  this  tendency  becomes  more 
pronounced. 

4.  Conclusions 

From  the  combustion  experiments  with  a  novel  burner,  the 
following  conclusions  are  drawn: 

1.  The  proposed  burner  can  realise  both  conventional  firing  and 
HTAC  mode.  Changing  from  conventional  to  HTAC  mode,  which 
is  particularly  important  for  cold  start,  can  be  smoothly  achieved 
without  any  unstable  operation. 

2.  Even  with  a  combustion  air  temperature  as  low  as  185  °C,  HTAC 
can  be  achieved  with  high  firing  performance. 

3.  The  combustion  behaviour  under  HTAC  mode  shows  the  same 
tendency  as  conventional  firing.  NOx  can  be  reduced  with  longer 
residence  time  in  the  sub-stoichiometric  zone  under  staged 
combustion.  NOx  and  unburnt  carbon  show  inverse  trends  with 
varying  flue  gas  O2  level. 

From  the  above  results,  this  study  confirms  that  HTAC  technol¬ 
ogy  can  be  realised  in  the  utility  pulverised  coal  fired  boilers. 
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